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A point defect model was used to describe the oxygen nonstoichiometry of the perovskites Lao.75Sro.25CrO3, Lao.9Sro.~FeO3, 
Lao.9Sro.~CoO3 and Lao.sSro.2MnOa as  function of the oxygen partial pressure. Form the oxygen vacancy oncentration predicted 
by the point defect model, the ionic conductivity was calculated assuming a vacancy diffusion mechanism. The ionic conductivity 
was combined with the Wagner model for the oxidation of metals to yield an analytical expression for the oxygen permeation 
current density as a function of the oxygen partial pressure gradient. A linear boundary condition was used to show the effect of a 
limiting oxygen exchange rate at the surface. 
1. Introduction 
The Al_r~BO3 (A=La, Y; A'=Ca, Sr; B=Cr, Fe, 
Co, Mn) perovskite materials have great echnolog- 
ical applications in which oxygen diffusion affects 
their performance. For instance, Lal_yCayCrO3 is 
used as a separator or bipolar plate in a solid oxide 
fuel cell [ I ]. The diffusion of oxygen through the 
perovskite from the air side to the fuel side should 
be as small as possible as it will burn fuel without 
generating current [2,3]. Lal_ySrflVInO3 is consid- 
ered to be one of the best cathode materials in this 
solid oxide fuel cell [4 ]. The performance an be im- 
proved if it would be possible to increase the ionic 
conductivity. 
Lao.asSro.65Coo.7Feo.303_6 can be used as the active 
part in oxygen gas sensors [28 ]. The oxygen partial 
pressure dependence of the total conductivity deter- 
mines the sensitivity of the sensor to changes in the 
oxygen partial pressure. The response time of the 
sensor is partially determined by oxygen diffusion in 
the perovskite. 
The permeation of oxygen through the 
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Lal_ySryCol_xFexOs perovskite drew attention by 
the study of Teraoka et al. [ 5 ]. With a membrane 
thickness of l mm, the oxygen permeation current 
density through Lao.6Sro.4Co0.$Fe0.203 reached avalue 
of 155 mA cm -2 in the small oxygen partial pressure 
gradient of I atm to 10 -4 atm at 800°C. Those high 
fluxes in combination with a selectivity of 1 for ox- 
ygen make it possible to use the material as a ce- 
ramic membrane for gas separation applications. The 
material can also be used as a membrane in a cata- 
lytic reactor. The permeating oxygen can then be used 
for selective oxidation reactions [ 6 ]. 
The chemical diffusion of oxygen in an oxide 
showing both oxygen ion and electronic onductivity 
can be described within the framework of Wagner's 
theory for the oxidation of metals [7 ]. In this theory 
the fluxes of the oxygen ions and electrons or holes 
are related to each other by the condition of charge 
neutrality. So far, the application of this theory to 
model the oxygen permeation of the A~_yA~BOs 
(A=La, Y; A'=Ca, Sr; B=Cr, Fe, Co, Mn) per- 
ovskites has been limited to a small oxygen partial 
pressure gradient [6,8-t0] in which the ionic con- 
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ductivity was assumed to be constant. But even in a 
small oxygen partial pressure gradient of 1 arm to 
10 -4 atm, the ionic conductivity can vary over or- 
ders of magnitude. 
The application of Wagner's theory to the oxygen 
permeation through the Lao.7sSro.25CrO3, 
Lao.gSrojFeO3, Lao.gSro.lCoO3 and Lao.sSro.2MnO3 
perovskites in a large oxygen partial pressure gra- 
dient is pursued in this paper. In this case, the ox- 
ygen partial pressure dependence of their ionic con- 
ductivity should be known. Assuming a vacancy 
diffusion mechanism, the ionic conductivity can be 
calculated form data of oxygen nonstoichiometry 
[ 11-15 ] and vacancy diffusion coefficients [ 16,17 ]. 
This gives a new analytical expression which de- 
scribes the oxygen permeation current density as a 
function of the oxygen partial pressure gradient. 
2. Theory 
2. I. Point defect model 
2. I. 1. Oxygen deficient perovskite 
The oxygen nonstoichiometry of La~_ySryCrO3, 
Lal_ySryFeO3 and Lal_ySryCoO3 can all be de- 
scribed with the same point defect model [ 11-14] 
when the Sr content is small. Lal_ySryMnO3 behaves 
slightly different. It shows, for instance, an oxygen 
excess at high oxygen partial pressures [ 15 ]. There- 
fore, a different defect model will be presented for 
this perovskite. 
To make the model presentation more illustrative, 
the general chemical formula AI_yA~BO3 (A=La, 
Y; A'=Ca, Sr; B=Cr, Fe, Co, Mn) is replaced by 
La~_ySryFeO3. The incorporation of SrFeO3 in 
LaFeO3 is electrically compensated bythe formation 
of Fe 4+ cations: 
SrFeO3 ~ Sr't~ + FeFe + 306,  (1)  
where in KrOger-Vink notation [ 18 ], Sr'L~ is a Sr 2+ 
cation on a La a+ lattice position, FeF, is a Fe  4+ cat- 
ion on a Fe 3÷ lattice position and O6 is an 0 2- ion 
on a regular site in the perovskite lattice. The non- 
stoichiometry can be described by the following de- 
fect reaction: 
2Fe~:e +06 ~2Fe~¢ +Vo + ½02(g) • (2) 
Oxygen vacancies V o) are formed and Fe 4+ cations 
are reduced to Fe 3+ (FeXe) at low oxygen partial 
pressures. 
It is assumed that the B site cations, Fe in this case, 
show charge disproportionation by: 
2Fete ~ Fei:~ + FeF~. ( 3 ) 
If the defects are assumed to be randomly distrib- 
uted and non interactive, the Law of Mass Action 
gives the equilibrium constants K2 and/(3 for the re- 
actions 2 and 3, respectively: 
x 2 "" 1/2 
K2 = [FeF.] [Vo]Po2 
[FeF~]2 [O6 ] , (4) 
[Fete] [Fev~] 
/(3= [Feb<e]2 , (5) 
where [SrL~], [Fe~,], [Vo ], Fe~], [Fe~] and 
[O6 ] represent the mole fraction of the defects in- 
volved in the reactions (2) and (3). The charge neu- 
trality condition can be represented by: 
[Sri~] + [Fei=o] =2[Vo] + [Fe~,]. (6) 
A fixed A/B site ratio is maintained when the fol- 
lowing condition is fulfilled: 
[Fe~] + [FeV~] + [Fete] = 1. (7) 
The equilibrium oxygen partial pressure of the per- 
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Fig. 1. A comparison between the experimentally determined refs. 
I l 1-15 ] ( symbol ) and the calculated nonstoichiometry (drawn 
line) of Lao.75Sro.25CrO3, I-,ao.gSro.lFgO3, Lao.9Sro.lCoO3 and 
Lao.aSro.2MnO3 at 1000 ° C using the model parameters oftable I. 
6 denotes the mole fraction of doubly charged oxygen vacancies 
(~= [vo]). 
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Table ! 
Model parameters for the calculation of the nonstoichiometry and oxygen permeation at 1000°C. 
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Parameter La l  _ySryCrO3 La l  _ySryFeO3 Lal _ ySryCoO 3 La i _ySr~MnOs 
y 0.25 0.1 0.1 0.2 
I'm (mS tool - l )  *) 3.38X 10 -s  3.62X 10 -s  3.40X 10 -5 3.56× 10 -5 
Dv (m2s - l  ) b) 10-11 7.05X 10 -1° 9.76X 10 -1° 7X 10 -m 
/(2 (arm 1/2) 9X 10 -s  7X 10 -2 9X 10 -3 4X 10 -s  
K s < 10 -4 10 -6 3.5X 10 -2 9.5X 10 -2 
") The molar volumes of the Srodoped perovskites were calculated from their cell parameters a  published in the Powder Diffraction File 
[29]. 
b) The oxygen vacancy diffusion coefficients of Lao.9Sroj FeO3 and Lao.9Sro. 1CoOs were taken from ref. [ 17 ]. The Dv of Lao.sSro.2MnOs 
was calculated from the tracer diffusion coefficient of  oxygen in Lao.6sSro.ssMnO3, D*-- 3 X 10- is cm 2 s -  l at 900 ° C [ 30 ], assuming an 
oxygen vacancy mole fraction of [Vo ] = 3 X 10 -7 and an activation energy of 100 kJ/moi. The Dv of  Lao.75Sro.25CrO 3 resulted from 
the oxygen permeation measurements of Lao.TCao.sCrOs performed by Sakai et al. [ 26 ]. 
0 0 
-2 
"E -4 
0 
...1 
-6 
-8 
I I I 
Lao'75Sro'25Cr 03 
1 I I 
-20 -15 -10 -5 Log(Po2/atm) 
l= -4 
0 
_J 
-6 
-8  
0 -20 
I I I 
% 
LaQ9 Sro. 1 FeO 3 
I I I 
-i5 -iO -5 
Log (Po2/atm) 
-2 
"E-4 L--J  
o 
_J 
-6 
-8  
M MoM  
Lao .sSro .2Mn 03 
-2 
' E  -4 
C~ 
0 
J 
-6 
, , , COCo 
"o 
Lao.9 Sro. 1 Co 0 3 
I I I -8  I I i 
-20 -15 -~0 -5 0 -5 -4 -3 - 2 -~ 
Log(Po2/atm) Log ( Po2 /atm) 
Fig. 2. Mole fraction of the defects involved in the defect reactions (2) and (3) as a function of the oxygen partial pressure for 
Lao.TsSro.2sCr03, Lao.gSroaFeOs, Lao.9SroaCo03 and Lao.sSro.2MnOs at IO00°C, using the model parameters of table 1. 
298 B.A. van Hassel et al. / Oxygen permeation modelling of perovskites 
ovskite can now be calculated as a function of the 
mole fraction of the point defects involved in the re- 
actions (2) and (3): 
eo, (-r=K3tFe;°] 2 (8) 
=k [r%ol[Vo] ) " 
In fig. 1, experimental data of the nonstoichio- 
metry of the Lao.7sSro.2sCrO3, Lao.9Sro.lFeO3, 
Lao.9Sro.tCoO3 and Lao.sSro.2MnO3 perovskites [ 11- 
15 ] are compared with the nonstoichiometry cal- 
culated from the model parameters given in table 1. 
Close agreements are seen between the experimen- 
tally determined and calculated nonstoichiometry for 
the Cr, Mn, Fe and Co-perovskites. The resulting de- 
fect mole fractions as a function of the oxygen partial 
pressure are shown in fig. 2. 
2.1.2. Oxygen excess perovskite 
As shown in fig. l, the random point defect model 
described in Section 2. I. 1 cannot explain any oxygen 
excess observed in La~_ySryMnO3 at high oxygen 
partial pressures. The oxygen excess may result from 
an equal amount of A and B site vacancies by the 
following defect reaction [ 15 ]: 
. . . . . . .  + 6MnMn + 30~ (9) 6Mn~n + 302 "-~VL~ +VM, 
with the equilibrium constant: 
[V&] [V~.] [Mn~.]6[O613 
K9 = r~.A .x  1603/2 (10)  
t ~vt~lMn .I ~02 
I f  the defect reactions (2) and (3) are used together 
with the defect reaction (9), than a better fit can be 
obtained between the experimental determined non- 
stoichiometry ofLal _rSr~MnO3 [15 ] and the model 
calculation, as shown in fig. 3a. However, the cal- 
culation of the defect mole fractions with the model 
parameters of table 2 (Lal_ySryMnO3 "excess") is 
not satisfactory as it predicts very high Mn 2÷ cation 
fractions even at high oxygen partial pressures, as 
shown in fig. 3b. Based on the relative stability of 
Mn 4+, Mn 3+ and Mn 2+ cations [31,32] this is 
unlikely. 
Therefore an alternative model is proposed in 
which it is assumed that no charge disproportiona- 
tion takes place by the defect reaction (3) but that 
neutral < Mn' -Vo-Mn'> clusters are formed at low 
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Fig. 3. (a) A comparison between the experimentally deter- 
mined [ 15 ] (open circle) and the calculated nonstoiehiometry 
(drawn line) of Lao.sSro.2MnO3 at1000 °C using the defect reac- 
tions (2), (3) and (9). The model parameters are shown in table 
2 (La] _ySrflvinO3 "excess"); (b) the defect mole fractions cor- 
responding to the nonstoichiometry isotherm of (a). 
Table 2 
Model parameters forthe calculation ofthe nonstoichiometry of 
La]_ySrrMnO3 at 1000°C. 
Parameter Lal _ySr~lnO3 Lal_ySr~ClnO3 
"excess . . . .  excess +cluster" 
y 0.2 0.2 
K2 (atm 1/2) 4× 10 -$ 3X 10 -7 
/(3 9.5×10 -2 
K9 (atm -3/2) 10 -2 6× 10 -4 
Kll (arm 1/2) 1.67X 10 -9 
oxygen partial pressures by the following defect 
reaction: 
t * "  / 
2MnX, +O~ ~- (MnMn-Vo-MnMn) + ½02, (11) 
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with the equilibrium constant: 
[ (Mn~tn -Vo  - Mn~tn ) ]P~/2  (12) 
Kll = [Mn~t,] 2 [(7o ] 
The defect reaction ( 11 ) was proposed for the first 
time by Roosmalen et al. [ 19 ] to describe the non- 
stoichiometry of LaMnO3. As shown here, the same 
defect reaction can be used to model the nonsto- 
ichiometry of La~_rSrrMnO3. Eq. (7), with replace- 
ment of Fe by Mn, should still be fulfilled and the 
charge neutrality condition demands that: 
[Sr'~] + 3 [V~.] + 3[V~.] = [MnM.] +2[Vo] .  
(13) 
The model parameters for this "defect cluster and 
oxygen excess" model are shown in table 2 
(Lal _ySrrlVlnO3 "excess +cluster"). Fig. 4a shows 
that a good fit is obtained with the experimental data 
of the nonstoichiometry of Lao.sSro.2MnO3, whereas 
fig. 4b shows that according to the model description 
part of the oxygen vacancies i randomly distributed 
over the available sites and all the other oxygen va- 
cancies are bound in the neutral (Mn ' -Vo-  
Mn') clusters. 
However, no analytical expression was obtained 
for the oxygen permeation current density on the ba- 
sis of the "defect cluster and oxygen excess" model. 
Therefore the random point defect model developed 
for Lal _7SryCrO3, Lal_ySrj, FeO3 and La~_rSryCoO3 
is also used as an approximation to compute the ox- 
ygen permeation current density through 
Lao.sSro.2MnO3. 
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Fig. 4. (a) A comparison between the experimentally deter- 
mined ref. [ 15] (open circle) and the calculated nonstoichio- 
metry (drawn line) of Lao.sSro.2MnO3 at1000 ° C using the defect 
reactions (2), (9) and ( 11 ). The model parameters are shown 
in table 2 (La~ _rSr~MnO3 "excess +cluster" ); (b) the defect mole 
fractions corresponding to the nonstoichiometry isotherm of (a). 
2. 2. Oxygen permeation 
In the following analysis, a mixed conducting ox- 
ide is considered in which oxygen ions and electrons 
or corresponding lattice defects are mobile. When 
such a material is placed in an oxygen potential gra- 
dient, oxygen ions will move through the membrane 
from the high to the low oxygen partial pressure side 
(fig. 5). The electrons will migrate in the opposite 
direction. The driving force for the chemical diffu- 
sion is the gradient of the chemical potential of 
oxygen. 
When the electronic onductivity is much higher 
than the ionic conductivity (the electronic transfer- 
ence number can be approximated asunity), the ox- 
Jo 2- > - 
%cx=o) Po2(X :L) 
x=O x=L 
Po2(x=O) > Po2(x=L) 
Fig. 5. Oxygen permeation through amixed conducting oxide. 
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ygen permeation current density can be calculated 
from the following equation [ 10,20,21 ]: 
Yo2_ (Am -2 ) 
PO2(x:L) 
1 f RT =-~ ao2- ~-ff d In Po2. (14) 
Po2(x=O) 
In the derivation of this equation, it has been as- 
sumed that the fluxes of the oxygen ions and elec- 
trons or holes are related to each other by the con- 
dition of charge neutrality and that local equilibrium 
of the defect reactions prevails. In the transport 
equations, the non-ideality or cross terms for the 
fluxes of ions and electrons are neglected [ 7,10 ]. 
When all oxygen vacancies are fully ionized and 
contribute to the ionic conductivity of the ABO3_6 
perovskite, the ionic conductivity can be calculated 
from 
tro2_(~ -~ m- l )= 4F2[V°]Dv,  (15) 
RTVm 
where R is the molar gas constant (J mol- ~ K-  I ) ,  T~ 
the absolute temperature (K), [Vo], the oxygen va- 
cancy mole fraction, Dv, the vacancy diffusion coef- 
ficient (m 2 s-~ ) and Vm is the molar volume ofper- 
ovskite (m 3 mol- l ). 
The substitution of eqs. (8) and ( 15 ) into eq. (14) 
results in the following integral equation: 
Jo2 - (Am- 2 ) = 2FDv 
LVm 
. [F~e(xf f iL)  l 
×( 5 [Vo]dln[Fe~-d 
[Fe~,(xffi0) ] 
[O~(iffiL)] 
+ [Vo]dln[O x ] 
[O~(x=0)l 
- -  [F~u5 =L)] [Vo]dln[Fei:,] 
[Fe~e(xffiO) ] 
[V~(xffiL)l 
- f [Vo ld ln [Vo] )  . (16) 
[v'd(x=O) ] 
The molar volume of the perovskite and the vacancy 
diffusion coefficient are assumed to be independent 
of the nonstoichiometry. The oxygen vacancy mole 
fraction [Vo] can be expressed as a function of 
[F~e] or [FeFe] by using the eqs. (4) - (7) .  In this 
way it is possible to solve the integral equation, the 
final result being shown in Appendix A. 1. 
The oxygen permeation current density through 1 
mm thick layers of the Lao.7sSro.25CrO3, 
Lao.gSroaFeO3, Lao.gSrojCoO3 and Lao.sSro.zMnO3 
perovskites has been calculated as a function of the 
oxygen partial pressure gradient by using the model 
parameters of table 1 and is shown in fig. 6. When 
the oxygen partial pressure at the high oxygen partial 
pressure side (x=0)  is 1 arm, then the oxygen per- 
meation current density of Lao.7sSro.25CrO3, 
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Fig. 6. (a) The oxygen permeation current density through 1 mm 
thick layers of LaonsSro.2sCrO3, Lao.gSroj FeO3, Lao.9Sro.tCoO3 and 
Lao.sSro.2MnO3 at 1000°C as a function of the oxygen partial 
pressure atthe low oxygen partial pressure side (Po~(x=O) =1 
atm). Jo2- was calculated from eq. (16) using the model para- 
meters of table 1; (b) the logarithm of the oxygen permeation 
current density as shown in (a). 
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Lao.sSro.2MnO 3 and Lao.9Sro.lCoO3 depends on the 
oxygen partial pressure at the low oxygen partial 
pressure side (x=L)  as J02- oc-Po~/2. For 
Lao.9SrojFeO3, this dependence is different and given 
by Jo2-oclog(Po2). A possible explanation for the 
Po2 dependence of Jo2- will be given later. 
The oxygen permeation current density of 
Lao.75Sro.25CrO3 and Lao.sSro.2MnO3 does not de- 
pend on the oxygen partial pressure at the high ox- 
ygen partial pressure side when the nonstoichiome- 
try at the low oxygen partial pressure side is high. 
This results from the fact that [Vo(x=0) ]  is very 
small in comparison with [Vo(x=L) ]  even when 
the Poe (x= 0) is changed over some decades. In the 
case of Lao.9Sro.lFeO 3 and Lao.9Zro.lCoO 3 their non- 
stoichiometry can be considerable atthe high oxygen 
partial pressure side which makes the oxygen per- 
meation current density also dependent on the ox- 
ygen partial pressure at that side. 
2.3. Limiting surface oxygen exchange rate 
Upon reducing the membrane thickness, the ox- 
ygen permeation may become controlled by a lim- 
iting surface oxygen exchange rate [ 10,22,23 ]. The 
gradient in the oxygen chemical potential will be 
largely consumed by the surface xchange kinetics at 
the expense of the gradient across the oxide bulk. The 
following boundary condition can be used to model 
the effect of a limiting surface oxygen exchange 
process: 
2Fk', 
Jo,-(Am-~)= ~ ( [Vo];- [%120 
atx=0,  (17) 
2Fk'~' 
Jo~-(Am -2) = ~ ([vo l~'~- [vo 1:') 
atx=L,  (18) 
where [ Vo ], is the oxygen vacancy mole fraction at 
the surface when Jo2- S0. [Vo]e~ is the oxygen va- 
cancy mole fraction when in equilibrium with the gas 
phase ( Jo2-=0) ,  and k, is the surface oxygen ex- 
change rate constant (m s-~ ). 
The surface oxygen exchange rate constant can take 
different values at both sides of the perovskite mem- 
brane. Depending on the values of the rate con- 
stants, the oxygen permeation can become limited 
by the oxygen exchange at the high oxygen partial 
pressure side, by the diffusion inside the perovskite 
or by the oxygen exchange at the low oxygen partial 
pressure side. The rate constants may depend on the 
oxygen partial pressure in the gas phase [ 2 ]. For the 
sake of illustration, the oxygen permeability of 
Lao.9Sro.~FeO 3 was calculated assuming surface ex- 
change rate limitation at the high oxygen partial 
pressure side. In fig. 7, it is shown how different val- 
ues of the oxygen exchange rate at that side affect he 
oxygen partial pressure dependence of the oxygen 
permeation current density through a 1 mm thick 
layer of Lao.aSro.lFeO3. 
Surface oxygen exchange, rate constants can be de- 
termined with the lSO isotope exchange technique 
[16,17]. Those rate constants are, however, ob- 
tained when the material is in equilibrium with the 
gas phase. So there is no change of the nonstoichio- 
metry during the experiment. Some data about the 
I sO isotope exchange rate are collected in table 3. 
Data on the non-equilibrium kinetics of oxygen 
exchange can be obtained by weight change experi- 
ments as a function of time after a sudden change of 
the oxygen partial pressure or a similar experiment 
by measuring the conductivity [2]. As in this kind 
of experiments reactive gases are used like CO/CO2 
or H2/H20 mixtures, the surface exchange kinetics 
300 
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Fig. 7. The effect of a limiting surface oxygen exchange rate at 
the high oxygen partial pressure side on the oxygen permeation 
current density of Lao.gSro.,FeO3 (k" = 1 m s - ' ,  L= 1 ram). 
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Table 3 
Literature values of the surface oxygen exchange rate. 
Perovskite Temp. Po2 I'm ks Method 
(K) (atm) (m 3 tool - l  ) (cm s -l ) 
Lao.gSro.iCoO3 1273 4.5× 10 -2 3.4× 10 -5 2.31 × 10 -6 IsO isotope 
exchange [ 17 ] 
Lao.gSroaFeO3 1273 6.5× 10 -2 3.62× 10 -5 1.85× 10 -6 tsO isotope 
exchange [ 17 l
Lao.aSro.2MnO3 1173 0.75 3.56× 10 -5 5 X 10 -s lsO isotope 
exchange [ 16 ] 
Lao.TCao.3CrO3 1273 10-15 3.38 X l 0- 5 3.2 X 10-4 conductivity 
relaxation [ 2 ] 
may differ from the 180 isotope exchange process. 
3. Discussion 
The point defect model presented in section 2.1 is 
useful for modelling the nonstoichiometry of the 
AI_vA~BO3 (A=La, Y; A' =Ca, Sr; B=Cr, Fe, Co, 
Mn) perovskites at temperatures and oxygen partial 
pressures where they show the stable single phase 
perovskite structure. Some perovskites, however, 
show a nearly stoichiometric composition at high ox- 
ygen partial pressures. The oxygen onstoichiometry 
calculated from the point defect can then be verified 
only at low oxygen partial pressures where the non- 
stoichiometry is measurable by thermogravimetric 
measurements or coulometric titration. The oxygen 
vacancy concentration at high oxygen partial pres- 
sures is too small to be measured by those tech- 
niques. It is, however, assumed that the oxygen va- 
cancy concentration at high oxygen partial pressures 
can also be calculated with the same point defect 
model but this needs further experimental 
verification. 
In the point defect model, the oxygen vacancies 
are assumed to be fully ionized. This seems reason- 
able at high temperatures but at lower temperatures 
differently charged oxygen vacancies may be pres- 
ent: ~= [Vb" ] + [Vo] + [V~ ]. 
Deviations from the point defect model might also 
occur at high defect concentrations. Due to inter- 
actions between the defects, extended point defects 
may form. For instance a neutral (Mn ' -Vo-Mn ' )  
cluster may be formed in Lao.sSro.2MnO3 at low ox- 
ygen partial pressures. When the nonstoichiometry 
is high, the oxygen vacancies may also order. Then 
they no longer contribute to diffusion and conduc- 
tivity. Numerous examples of vacancy ordering in 
ABO3_6 oxides have been discussed by Rao and Go- 
palakrishnan [24 ]. In addition, the vacancy diffu- 
sion coefficient can no longer be treated as indepen- 
dent of the oxygen vacancy mole fraction when the 
nonstoichiometry is high. 
The presence of differently charged oxygen vacan- 
cies and maybe oxygen vacancies in a cluster like 
< Mn' -Vo-Mn' )  will result in a complicated expres- 
sion for the chemical diffusion coefficient of oxygen. 
The diffusion of oxygen in a mixed conductor with 
many different ypes of ionic species and with oxy- 
gen vacancies with a variable ionization degree has 
been discussed by Liu [10] and Maier [25]. From 
these considerations, it was decided to limit the 
model calculation of the oxygen permeation current 
density to small dopant mole fractions and a rela- 
tively high temperature. 
Perovskites like Lao.75Sro.25CrO3 and 
Lao.sSro.2MnO3 show a very small oxygen permea- 
tion current density in an oxygen partial pressure 
gradient of 1 atm to 10 -4 atm. They will show an 
increase of the oxygen permeation current density 
when the oxygen partial pressure at the low oxygen 
partial pressure side is further decreased. This re- 
sults from an increase of their nonstoichiometry. This 
may be overlooked in experimental studies which rely 
on a gaschromatographic analysis of the oxygen per- 
meation rate. In that kind of studies, He gas is used 
with a constant oxygen partial pressure of about 10 -4 
atm at the low oxygen partial pressure side of the 
membrane. The oxygen partial pressure at the low 
oxygen partial pressure side could be varied by using 
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CO/CO2 or H2/H20 mixtures. An analysis of all the 
products which are formed by the reaction with the 
permeating oxygen will make it possible to deter- 
mine the oxygen permeation current density. Chang- 
ing the gas composition from He to CO/CO2 or H2/ 
H20 mixtures may effect the surface exchange ki- 
netics. An electrochemical cell for the measurement 
of the oxygen permeation current density in a large 
oxygen partial pressure gradient was proposed by 
Sakai et al. [26]. 
From an experimental point of view, it is impor- 
tant to know how the oxygen permeation current 
density depends on the oxygen partial pressure gra- 
dient and the membrane thickness. According to eq. 
(16), the oxygen permeation current density is in- 
versely proportional to the membrane thickness when 
the oxygen permeation is rate determined by the dif- 
fusion inside the perovskite. It results in a parabolic 
rate law for the growth of perovskite layers by the 
EVD method [27]. The oxygen permeation be- 
comes independent ofthe membrane thickness when 
limited exclusively by the surface oxygen exchange 
process. 
The oxygen partial pressure dependence ofthe ox- 
ygen permeation current density reflects the nonsto- 
ichiometry when the oxygen permeation current 
density is rate determined by diffusion inside the 
perovskite. From the slope of the oxygen permeation 
current density versus the logarithm of the oxygen 
partial pressure, the oxygen vacancy mole fraction 
can be calculated. Using eq. ( 15 ) into eq. (14) and 
differentiation with respect to the In Po2 (x= L) gives: 
( dJo2- ) F[Vo]Dv (19) 
d =-  L rm 
A constant oxygen vacancy mole fraction will result 
in the following relation between the oxygen per- 
meation current density and the oxygen partial pres- 
sure gradient: 
jo2_ (Am_2) - F[VolDv (Po2(X= 0)'~ 
LVm In . (20) \Po2(x=L) /  
Lao.9Sro.lFeO3 is one of the perovskites which shows 
such a logarithmic dependence on the oxygen partial 
pressure (fig. 6a). This results from the fact that its 
nonstoichiometry takes a constant value [Vo]= 
y/2 in a broad range of the oxygen partial pressure. 
The oxygen permeation current density of the 
Lao.75Sro.25CIO3, Lao.sSro.2MnO3 and Lao.9Sro.lCOO3 
perovskites depends on the oxygen partial pressure 
at the low oxygen partial pressure side according to 
Jo2-ocPo 1/2 (fig- 6b). This is the same as the ox- 
ygen partial pressure dependence of the oxygen va- 
cancy mole fraction (fig. 2). 
Some perovskites cannot be used as a membrane 
in a large oxygen partial pressure gradient. For in- 
stance, Lao.9Sro.lCoO3 decomposes if exposed at ox- 
ygen partial pressures lower than 10 -4 atm at 1000 °C 
[ 14]. It could be considered to protect he perov- 
skite against decomposition by applying a thin layer 
of a more stable perovskite at the low oxygen partial 
pressure side. The result is a ceramic membrane 
which is stable in a large oxygen partial pressure 
gradient. 
4. Conclusion 
In modelling the oxygen permeation of the 
Lao.75Sro.25CIO3, Lao.9Sro.lFeO3, Lao.9Sro.lCoO3 and 
Lao.aSro.2MnO3 perovskites it is important o con- 
sider the oxygen partial pressure dependence of the 
ionic conductivity. As a first approximation this can 
be calculated using a point defect model. 
Accurate predictions of the oxygen permeation 
current density are possible only when the nonsto- 
ichiometry is known in the oxygen partial pressure 
gradient under study. Model parameters can then be 
obtained by fitting the point defect model to the ex- 
perimentally determined nonstoichiometry. 
When the membrane is very thin or when the 
membrane is placed in a large oxygen potential gra- 
dient, then the surface oxygen exchange process will 
partially limit the oxygen permeation current den- 
sity. As a first approximation, a linear boundary con- 
dition can be used to model such rate limitation of 
the oxygen permeation current density. 
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Appendix A.1. Integration by parts of the oxygen permeation current density integral equation 
When the [Fete] and [Fete] mole fractions are abbreviated as a and b, respectively, then the integration of 
eq. (16) by parts results in: 
to~(x=o)] 
b(xffir )
[ ( I - -y )  (4K3- l )b  ~/b2( l -4K3)+4bK3 [Vo]tllnb= lnb+ + 
2 4K3 4K a b(xffiO) 
[V o]d ln[O~ ]- [Vo ]d In [Vo] = [31n(3- [Vo] )] tV~;(xfL)l [v~tx=o)/ , 
tv~ (x=o) ] 
-]b(xffiL) 
+ ln(2~/(1-4K3)(b2(1-4K3)+4bK3)+2(1-4K3)b+4K3)[ , 
-Ib(xffiO) 
a(x=L) 
I 
a(xffiO) 
I ( l+y) ,  (1-4K3)a 
[Vo]dlna= + - - -~ma+ 4K3 
4a2(1  - 4K3) + 4aK 3 
4~ 
(21) 
(22) 
--[a(xffiL) 
_ 1 ln(2/(l_4K3)(a2(l_4K3)+4aK3)+2(l_4K3)a+4K3)~(x v Ja 
2x/1-4K3 = 0)" 
(23) 
The oxygen permeation current density can be obtained from eq. (16) by substitution of the mole fractions 
of the defects at the high (x=0)  and low (x=L)  oxygen partial pressure side of the perovskite membrane. 
References 
[ 1 ] N. Sakai, T. Kawada, H. Yokokawa and M. Dokiya, Proc. 
Second Intern. Symp. Solid Oxide Fuel Cells, Athens, 
Greece, 2-5 July 1991, eds. F. Grosz, P. Zegers, S.C. Singhal 
and O. Yamamoto (Comm. Europ. Commun. Report 
EURI3546 EN) pp. 629-636. 
[2] I. Yasuda and T. Hikita, Proc. Second Intern. Syrup. Solid 
Oxide Fuel Cells, Athens, Greece, 2-5 July 1991, eds. F. 
Grosz, P. Zegers, S.C. Singhal and O. Yamamoto (Comm. 
Europ. Commun. Report EUR13546 EN) pp. 645-652. 
[ 3 ] B.A. van Hassel, T. Kawada, N. Sakai, H. Yokokawa and 
M. Dokiya, Solid State Ionics 66 ( 1993 ) 41. 
[4 ] O. Yamemoto, Y. Takeda, R. Kanno and M. Noda, Solid 
State Ionics 22 (1987) 241. 
[ 5 ] Y. Teraoka, T. Nobunaga, K. Okamoto, N. Miura and N. 
Yamazoe, Solid State Ionics 48 ( 1991 ) 207. 
[6] A.J. Bursgraaf, HJ.M. Bouwmeester, B.A. Boukamp, RJ.R. 
Uhlhorn and V. Zaspalis, in: Science of Ceramic Interfaces, 
ed. L Nowotny (Elsevier Amsterdam, 1991 ) pp. 525-568. 
[ 7 ] C. Wagner, Pro& Solid State Chem. 10 (1975) 3. 
[ 8 ] H.-H. M6bius, Z. Chem., to be published. 
[9] T.A. Ramanarayanan, S. Ling and M.P. Anderson, Proc. 
Second Intern. Syrup. Solid Oxide Fuel Cells, Athens, 
Greece, 2-5 July 1991, eds. F. Grosz, P. Zegers, S.C. Sin~aal 
and O. Yamamoto (Comm. Europ. Commun. Report 
EURI3546 EN) pp. 777-786. 
[10]M. Liu, Proc. First Intern. Symp. Ionic and Mixed 
Conducting Ceramics, 180th Meeting of the Electrochem. 
Soc. in Phoenix, Arizona, October 16-17, 1991, Proc. Vol. 
91-12, eds. T.A. Ramanarayanan and H.L. Tuller, pp. 191- 
215. 
[ 11 ] J. Mizusaki, S. Yamauchi, IC Fueki and A. Ishikawa, Solid 
State Ionics 12 (1984) 119. 
[12]G.F. Carini, H.U. Anderson, D.M. Sparlin and M.M. 
Nasmllah, Solid State Ionics 49 ( 1991 ) 233, 
[13] J. Mizusald, M. Yoshihiro, S. Yamauchi and K. Fueki, J. 
Solid State Chem. 58 (1985) 257. 
[ 14 ] J. Mizusaki, Y. Mima, S. Yamauchi, IC Fueki and H. 
Tagawa, J. Solid State Chem. 80 (1989) 102. 
B.A. van Hassel et al. / Oxygen permeation modelling of perovskites 305 
[ 15 ] J.H. Kuo, H.U. Anderson and D.M. Spaflin, J. Solid State 
Chem. 83 (1989) 52. 
[16] S. Carter, A. Selcuk, R.J. Chater, J. Kajda, J.A. Kilner and 
B.C.H. Steele, Solid State Ionics 53-56 (1992) 597. 
[ 17]T. Ishigaki, S. Yamauchi, IC Kishio, J. Mizusaki and K. 
Fueki, J. Solid State Chem. 73 (1988) 179. 
[ 18 ] F.A. Krgger and H.J. Vink, in: Solid State Physics, eds. F. 
Seitz and P. Turnbull, Vol. 3 (Academic Press, New York, 
1956). 
[ 19 ] J.A.M. van Roosmalen and E.H.P. Cordfunke, J. Solid State 
Chem. 93 (1991) 212. 
[20] G.J. Dudley and B.C.H. Steele, J. Solid State Chem. 31 
(1980) 233. 
[21]W. Weppoer and R.A. Huggins, Ann. Rev. Mat. Sci. 8 
( 1978 ) 269. 
[22] S. Dou, C.R. Mason and P.D. Pacey, J. Electrochem. SOc. 
132 (1985) 1843. 
[23] H.J.M. Bouwmcester, H. Kruidhof, A.J. Burggraaf nd P.J. 
GeUings, Solid State Ionics 53-56 (1992) 460. 
[ 24 ] C.N.R. Rao and J. Gopalakrishnan, New Directions in Solid 
State Chemistry: Structure, Synthesis, Properties, Reactivity 
and Materials Design, Cambridge Solid State Science Series, 
eds. R.W. Cahn, E.A. Davis and I.M. Ward (Cambridge 
University Press, Cambridge, 1986) pp. 208-263. 
[25] J. Maier, Solid State Ionics 57 (1992) 71. 
[26]N. Sakai, T. Horita, B.A. van Hassel, T. Kawada, H. 
Yokokawa and M. Dokiya, Proc. 18th Symp. Solid State 
Ionies in Japan, October 12-13, 1992, Fukuoka (The Solid 
State Ionics Society of Japan, Tokyo, 1992) p. 93. 
[27] J. Sehoonman, J.P. Dekker, J.W. Broers and N.J. Kiwiet, 
Solid State Ionics 46 ( 1991 ) 299. 
[28] Y. Yamamura, Y. Ninomiya and S. Sekido, Proc. Intern. 
Meeting on Chemical Sensors, ed. T. Seiyama (Elsevier, 
Amsterdam, 1983) pp. 187-192. 
[29 ] Powder Diffraction File, JCPDS - International Centre for 
Diffraction Data, no. 28-1229, 32-1240, 35-1480 and 40- 
1100. 
[30] B.C.H. Steele, S. Carter, J. Kajda, I. Kontoulis and J.A. 
Kilner, Proc. Second Intern. Symp. on Solid Oxide Fuel 
Cells, Athens, Greece, 2-5 July 1991, eds. F. Grosz, P. 
Zegers, S.C. Singhal and O. Yamamoto (Comm. Europ. 
Commun. Report EUR13546 EN) pp. 517-525. 
[ 31 ] H. Yokokawa, N. Sakai, T. Kawada and M. Dokiya, Proc. 
Intern. Syrup. Solid Oxide Fuel Cells, Nagoya, Japan, 
November 13-14, 1989 (Science House, Tokyo, 1990)pp. 
118-134. 
[ 32 ] H. Yokokawa, N. Sakai, T. Kawada and M. Dokiya, Prec. 
5th Internat. Conf. on Science and Technology of Zirconia 
(Technomic Publ. Co., Inc., Lancaster, PA, 1993), to be 
published. 
